Duplication of the genes for both wax production (W loci) and inhibition (proposed symbol, Iw loci) on chromosomes 2B and 2D hindered clarification of the allelic and linkage relationships between these loci in wheat. The near-isogenic lines of three genotypes, w1w1 w2w2, W1W1 w2w2 and w1w1 W2W2, for wax production (all iw1iw1 iw2 iw2 for wax inhibition) and two genotypes, Iw1Iw1 iw2 iw2 and iw1 iw1 Iw2Iw2, for wax inhibition (both W1W1 W2W2 for wax production) therefore were produced by ten backcrosses with Triticum aestivum cv. S615 (genotype W1W1 W2W2 iw1iw1 iw2iw2), or its equivalent w-S615 (w1w1 w2w2 iw1iw1 iw2iw2), as the recurrent parent. Segregation ratios between glaucous and non-glaucous plants in successive backcross generations or after selfing the backcrossed offspring indicated that all the wax-producing (W) and inhibiting (Iw) alleles were transmitted at equal frequencies to their respective recessive alleles, w and iw. Linkage analyses of W1, Iw1 and Ne2 (a gene for hybrid necrosis) on chromosome 2B and W2, Iw2 and C (a gene for compact ear) on chromosome 2D showed that the W1 and W2 loci respectively are located at sites different from the Iw1 and Iw2 loci. The presently accepted concept of multiple allelism for w, W and W I (wax inhibition) therefore is invalid. Rather two allelic sets, w and W, and iw and Iw, both of which are duplicated on chromosomes 2B and 2D, must be postulated for the glaucousness of wheat. The first genetic maps showing their linkage relationships to the centromere and the Ne2 and C loci have been constructed.
INTRODUCTION
The leaf and, in some cases, stem surfaces of many land plants are coated with a waxy whitish substance. This trait, called glaucousness, is considered to be related to the diffusion of intense solar radiation as well as to transpiration and gas exchange through the leaf surface (Johnson et al. 1983; Lersten 1987) . In general, wheat and its relatives show parallel variation, having glaucous and non-glaucous variations in each species. Exceptions are Einkorn (2n = 2x = 14, genome constitution AA) and common (2n = 6x = 42, AABBDD) wheats. In the Einkorn group, both the wild and cultivated forms show nonglaucousness, whereas practically all the cultivars of common wheat, regardless of species or subspecies, are glaucous. Their putative ancestors, Aegilops speltoides (B-and G-genome and plasmon donor to all polyploid wheats) and Ae. squarrosa (D-genome donor to common wheat), however, are dimorphic, having both glaucous and non-glaucous variations. In Emmer wheat (2n = 4x = 28, AABB), the wild species, T. dicoccoides has a large number of non-glaucous variants, whereas among the cultivated forms the non-glaucous type is very rare. Glaucousness appears to be favored in the cultivated forms, but so far there is no firm basis as to the prevalence of the glaucous type among cultivated taxa.
Comparative physiological and biochemical studies of isogenic lines with the same genetic background but different genotypes for glaucousness should prove useful for clarifying why there is this biased distribution of the glaucous and non-glaucous forms among the wild and cultivated wheats. We here present our work on the production of five near-isogenic lines (NILs) for glaucousness and the results of genetic analysis carried out to clarify the genetic system controlling this trait.
MATERIALS AND METHODS
The common wheat lines used in the production of the NILs for glaucousness and in the linkage studies are given in Table 1 , and the methods for producing the NILs and the linkage analyses are given in Results. Two other NILs of S615 (Ne1-and Ne2-S615 for each of the two complementary genes for hybrid necrosis) used in the linkage studies, previously had been produced by Tsunewaki and Koba (1979) . To separately extract the W1 S and W2 S alleles from S615, monosomics of Chinese Spring for the 2B and 2D chromosomes (abbrev. mono-2B and mono-2D) produced by Sears (1954) were used. Chromosome checking of the monosomics in the parental and filial generations was done by the ordinary acetocarmine squash method, using root tips pretreated in ice water for 24 hours.
Observations of the segregation of glaucous and nonglaucous plants were made in the spring during the shooting stage, using plants individually transplanted in the field in the previous autumn.
To construct the linkage maps of chromosomes 2B and 2D, map distance in centimorgans (cM) was estimated from the recombination fraction using Kosambi's formula; y = 25 log e [1 + 2x / 1 -2x], where y is the map distance (cM) and x the recombination fraction.
RESULTS
Production of NILs of the genes conditioning glaucousness (a) Non-glaucous w-NIL bearing the non-wax-producing alleles, w1 and w2, and their transmission. Using Salmon as the source of the genes, a w-NIL of S615 which has the genotype w1w1 w2w2 and does not deposit wax in a detectable amount on the plant surface was produced. The F 1 hybrid between S615 and Salmon was backcrossed ten times with S615 as the female. After each backcross, about 20 plants selected at random were used for further backcrossing. At that time, they were tested for heterozygosity on both loci W1 and W2 by examining the segregation of non-glaucous plants in their selfed offspring. Backcrossed progenies of only those plants that proved to be doubly heterozygous (W1w1 W2w2) were carried on to the next generation. After the tenth backcross, about 20 plants were randomly selected and selfed. Among their selfed progenies, a few nonglaucous plants were selected and maintained by selfing: These were the w-NILs we wanted to obtain.
Segregation ratios of the glaucous vs. non-glaucous in the selfed progenies of the double heterozygotes, which were in the F 2 to B 10 F 2 generations, are given in Table 2 . In each generation as well as in the total, except for B 7 F 2 , the ratio of glaucous to non-glaucous was 15 : 1. These results indicated that the non-glaucousness of w-NILs was controlled by two recessive alleles on unlinked loci. The observed ratios also showed almost equal frequencies of transmission of the W1 and w1 alleles and of the W2 and w2 alleles to offspring through both the male and female gametes. (b) Glaucous W1-and W2-NILs each bearing the wax-producing alleles, W1 and W2, and their transmission. W1-and W2-NILs were produced by the procedures shown in Fig. 1 . The idea was to eliminate the W2 or W1 gene from S615 by using respectively CS mono-2D and mono-2B. The w-NIL produced in the previous section was indispensable for this work.
Segregation ratios of the glaucous to non-glaucous plants in successive backcross generations are shown in Table 3 . In the pedigrees of both NILs, glaucous and nonglaucous plants segregated in a 1 : 1 ratio in each generation as well as in the total, except for the B 4 F 1 of W2-NIL. These results showed that both NILs carried one of the two wax-producing genes, W1 or W2, and that both genes showed normal female transmission, dominant and recessive alleles at both loci being transmitted at the same frequency through the female gamete.
To examine male transmission, two test-crosses, w1w1 w2w2 × W1w1 w2w2, and w1w1 w2w2 × w1w1 W2w2, were made. The results (Table 4 ; two top rows) indicated that the male transmission rates of the W1 and w1 alleles were the same, whereas the W2 allele showed higher male transmission than the w2 allele. This deviation from equal transmission probably is due to random fluctuation because the very large population derived from selfing the double heterozygotes W1w1 W2w2 showed equal transmission of the W's and w's through both the female and male gametes (Table 2) .
(c) Non-glaucous Iw1-and Iw2-NILs bearing either of two wax suppressors, Iw1 or Iw2, and their transmission. Two non-glaucous wheat lines, each carrying the Iw1 gene of T. dicoccoides-origin and the Iw2 gene of Ae. squarrosa-origin, were crossed to S615. The F 1 hybrids were backcrossed ten times to S615 as male, a few non-glaucous plants in each generation being selected for backcrossing. In the tenth backcross generation, several non-glaucous plants were selfed, and a few bredtrue lines for non-glaucousness were selected in the offspring, which were the desired Iw1-and Iw2-NILs.
Segregation ratios for all the backcross generations are given in Table 5 . The glaucous and non-glaucous plants segregated in a 1 : 1 ratio in both pedigrees, indicating that non-glaucousness is controlled by a single dominant gene in each pedigree. Results also showed that both Iw alleles were transmitted through the female gamete to offspring in equal frequency as the respective iw alleles. Two test-crosses, iw1iw1 iw2iw2 × Iw1iw1 iw2iw2 and iw1iw1 iw2iw2 x iw1iw1 Iw2iw2, were made (Table 4 ; two middle rows) to examine the male transmission frequencies of the Iw alleles. Both Iw alleles were transmitted through the male gamete at equal frequencies as the respective recessive alleles.
Equal frequency of transmission to offspring of the respective dominant (Iw) and recessive (iw) alleles through both the male and female gametes was confirmed by the segregation ratios of the selfed progenies of the heterozygotes for each allele pair (Table 4 ; two bottom rows) because both progenies segregated glaucous and non-glaucous plants in a 1 : 3 ratio.
Linkage analysis of the genes on chromosomes 2B and 2D (a) Linkages between the Ne2, W1 and Iw1 loci on chromosome 2B
(i) Linkage between Ne2 and W1: The F 1 's between Ne2-S615 and w-S615 were backcrossed to w-S615. In the B 1 generation, glaucous and non-glaucous plants segregated in the ratio 409 : 129, which fitted the expected 3 : 1 ratio (χ 2 = 0.300, df = 1). This indicated that like S615, Ne2-S615 carried two dominant W alleles, W1 and W2. Glaucous B 1 's which might carry W1 on 2B or W2 on 2D, or both, were not suitable for testing the linkage between Ne2 and W1. Of the 129 non-glaucous B 1 's (Ne2ne2 or ne2ne2 and double recessive for w1 and w2), 50 plants were selected randomly and test-crossed to Ne1-S615. Segregation of necrotic plants was examined in individual progenies. Of the 50 progenies, 28 did not segregate necrotic plants, whereas the remaining 22 progenies segregated some necrotics. The test-crossed progenies which segregated normal and necrotic plants were derived from recombination between the Ne2 and W1 loci in the F 1 's to produce Ne2 w1 gametes, whereas those fixed for normal plants were not from recombination. Their recombination value therefore was estimated to be 22 / (28 + 22) = 44.0%, which corresponded to a map distance of 68.8 cM.
The small number of plants obtained in each progeny (6.24 plants / progeny) might have caused some bias to the above recombination value. To correct for this, the recombination value between the two loci was estimated from the numbers of normal and necrotic plants in all the test-crossed progenies, including both the segregated and (iii) Recombination between W1 and Iw1: Because the estimated map distances between Ne2 and W1 and between Ne2 and Iw1 were nearly the same (74.5 and 79.5 cM, respectively), the question was raised as to whether W1 and Iw1 might be allelic. To clarify this point, recombination between W1 and Iw1 was tested using the procedures shown in Fig. 2 . Results are given at the bottom of this figure.
Totally, 498 plants were obtained from test-crossing the non-glaucous mono-2D b to w-S615, of which five were glaucous. The existence of these glaucous plants confirmed that recombination had taken place between W1 and Iw1. The frequency of the glaucous segregants was equal to half the recombination value between the two loci. The estimated recombination value was 2.0%, and the map distance 2.0 cM.
(b) Linkages between C, W2 and Iw2 loci on chromosome 2D (i) Linkage between C and W2: Because the linkage between the W2 and Iw2 loci was difficult to study due to the presence of the W1 allele on chromosome 2B of CS, only the linkage relationships between W2 and C, and between Iw2 and C loci were analyzed.
A compactum cultivar, Cmp having glaucous foliage and a compact ear was crossed to Salmon (w1w1; cc w2w2) and, their F 1 's were test-crossed, in both directions, to Salmon or w-S615 (w1w1; cc w2w2). Frequencies of the four phenotypes in the test-crossed progenies are given in the upper half of Table 6 .
As for ear character, the compact (C) and lax (c) types segregated in the ratio of 397 : 456 (nearly in a 1 : 1 ratio) with a slight excess of the lax type (χ 2 = 4.081, df = 1, significant at the 5% level). As for glaucousness, the glaucous (W) and non-glaucous (w) types segregated in the ratio of 429 : 424, which fitted well the 1 : 1 ratio (χ 2 = 0.029, df = 1). These results indicated that Cmp has the dominant genes, C for compact ear and W (W1 or W2, not both) for glaucous foliage. The recombination value between the W and C loci and the map distance were estimated from the data for three different test-crosses, all of which gave similar values; e. g., a map distance of 13.4 -14.4 cM. In all three progenies, there was close linkage between W and C, indicative that the W allele of Cmp was linked to its C allele on chromosome 2D. From this, we conclude that Cmp has the W2 but not W1 allele for glaucousness. The recombination value and map distance between the W2 and C loci, estimated from the pooled data, were 13.6% and 14.0 cM, respectively.
(ii) Linkage between C and Iw2: Because the Iw2 locus is known to locate on chromosome 2D (Tsunewaki 1966) , its linkage to the C locus also was tested in two cross combinations. In one case, the F 1 's between Iw2-S615 (W1W1; cc Iw2Iw2) and C-S615 (W1W1; CC iw2iw2) were test-crossed to S615 (W1W1; cc iw2iw2). In the other, the F 1 's between a non-glaucous synthetic hexaploid, ABD(Vernal) (W1W1; cc Iw2Iw2), and a glaucous compactum cultivar, Elgin (W1W1; CC iw2iw2) were testcrossed to a glaucous aestivum, Tve (W1W1; cc iw2iw2). The results of these test-crosses are given in the bottom half of Table 6 . The two test-crosses gave similar results. The recombination value and map distance between the C and Iw2 loci, estimated from the pooled data, were 49.7% and 145.2 cM, respectively. This map distance between C and Iw2 (145.2 cM) was much larger than that between C and W2 (14.0 cM), clearly indicating that the W2 and Iw2 loci are different and can not be the same.
DISCUSSION
The genes for wax production and suppression are non-allelic: Duplication of the W loci for wax production on chromosomes 2B and 2D first was shown by Tsunewaki (1966) , who named them W1 and W2, respectively, although the location of W1 on chromosome 2B of durum and common wheats had been demonstrated earlier by Allan and Vogel (1960) and Tsunewaki (1964) . Duplication of the Iw loci for wax suppression also became obvious as Tsunewaki (1962) located Iw2 on chromosome 2D and Driscoll and Jensen (1964) located Iw1 on 2B. Originally these loci were designated I 1 -W and I 2 -W (Tsunewaki 1966) . There were two reasons why Tsunewaki (1966) assumed the W and Iw loci to be nonallelic: One was the report of Kihara (1935) who studied the F 1 to F 3 progenies of a cross, non-glaucous T. dicoccoides x glaucous T. durum. The F 1 's were nonglaucous, indicating the dominance of this character. He also found two types of glaucous F 2 plants; one that bredtrue for glaucousness and one that segregated glaucous and non-glaucous in a 3 : 1 ratio in the F 3 generation. Kihara's results indicated that an epistatic inhibitor and a dominant wax-producing gene controlled glaucousness. The second reason was the generally recognized fact that the production of a given substance and its inhibition are controlled by genes on different loci.
At the 3rd International Wheat Genetics Symposium (IWGS) R. A. McIntosh was asked to survey the gene symbols for various wheat characters found in the literature and to propose a list acceptable to the IWGS. His proposal was accepted at the 4th IWGS in 1973. Since then those gene symbols, together with additions made at subsequent IWGS, have been used world-wide. As for the gene symbols for glaucousness, he treated w1, W1 and Iw1 on chromosome 2B, and w2, W2 and Iw2 on 2D as two multiple allelic series, respectively on the W1 and W2 loci (McIntosh 1973; McIntosh et al. 1993 ). This treatment was based on the fact that there were no critical results showing two separate loci for wax production and its inhibition both at that time and now. Kihara's above-cited results which appeared only in his Japanese textbook, and never having been reported in any scientific journal were ignored.
We now have provided the first clear evidence of different locations of the genes for wax production and its inhibition. This was made possible by the production of NILs for the different alleles that control glaucousness, which took more than 25 years to complete because the production of W1-and W2-NILs only was possible after completion of the breeding of w-NIL. Some of the linkage analyses reported here also were facilitated by the use of those NILs.
On the basis of the findings reported here, the loci for wax inhibition must be treated separately from those for wax production. The basic symbol "Iw", signifying the inhibition of wax formation, is proposed for the presently Linkage maps for chromosomes 2B and 2D: As for the genes on chromosome arm 2BS, the respective recombination values for the centromere and Ne2 locus and for the centromere and Iw1 locus previously were reported to be 9.4% and 50% by Nishikawa et al. (1974) and Driscoll (1966) . Their respective map distances were estimated to be 9.5 and > 61.6 cM from Kosambi's formula. As to the genes on chromosome 2D, the respective recombination values for the C locus (on 2DL) and centromere and for the centromere and Iw2 locus (on 2DS) were reported to be 2.3% and larger than 50% by Rao (1972) and Rowland and Kerber (1974) , which values correspond to 2.3 cM and ∞ (cM). Taking into account all these findings, including the present results, the linkage maps for chromosomes 2B and 2D are constructed as shown in Fig. 3 . There is no apparent inconsistency in the orders of the genes and their distances. The map positions of W1 and W2 differ greatly, the former being far from the centromere, and the latter close to it. Linkage relationships between W1-Iw1 and W2-Iw2 also differ markedly. The former gene pair is closely linked at the distance of 2.0 cM, whereas the latter pair are a great distance apart, at least 130 cM. Chromosomes 2B and 2D, like other homoeologous chromosome pairs, have similar gene arrangements in so far as the molecular markers are concerned (Devos et al. 1993) . This casts some doubt on our findings for the locations of W1 and W2 loci. In barley, chromosome 2, which is homoeologous to the group-2 chromosomes of common wheat, carries several loci for glaucousness (Wettstein-Knowles 1992) . We therefore may assume that the different loci became silent in group-2 wheat chromosomes.
NILs for glaucousness and the role of glaucousness in plant physiology: Johnson et al. (1983) produced four pairs of glaucous vs. non-glaucous NILs, of which three were of common wheat and one was of durum wheat. Compared to the counterpart non-glaucous NILs, the glaucous NILs had higher surface reflectances in the durum line and gave higher yields in all four lines in rich environments, but there were no consistent differences between the two types of NILs in the amounts of epicuticular wax, soil water extraction, leaf water potentials, net photosynthesis and transpiration, and field gas exchange. The different pairs of NILs differ in genetic background, which may be the reason for the non-consistent differences between glaucous and non-glaucous NILs observed for many characters.
All five NILs we produced have the common genetic background of the common wheat cultivar S615. They differ in the two types of alleles for controlling wax production and suppression. These plants should prove useful for critical investigations of the functions of individual alleles in plant physiology. We have made electron-microscopic as well as chemical studies of the nature of the waxy substances in our own NILs, the results of which will be reported elsewhere. The findings indicated that Iw1 and Iw2 are not inhibitors of wax production but rather they modify the molecular structure of wax, resulting in a change of its shape deposited on the plant surface. In spite of this, we call the Iw allele the inhibitor and use the Fig. 3 . Linkage maps of the wheat chromosomes, 2B and 2D. Distances are given in cM.
basic symbol Iw because plants appear to be non-glaucous in the presence of the Iw allele, showing no visible reflectance from the wax.
